Background -The factors leading to chronic hypercapnia and rapid shallow breathing in patients with severe chronic obstructive pulmonary disease (COPD) are not completely understood. In this study the interrelations between chronic carbon dioxide retention, breathing pattern, dyspnoea, and the pressure required for breathing relative to inspiratory muscle strength in stable COPD patients with severe airflow obstruction were studied.
Abstract
Background -The factors leading to chronic hypercapnia and rapid shallow breathing in patients with severe chronic obstructive pulmonary disease (COPD) are not completely understood. In this study the interrelations between chronic carbon dioxide retention, breathing pattern, dyspnoea, and the pressure required for breathing relative to inspiratory muscle strength in stable COPD patients with severe airflow obstruction were studied.
Methods -Thirty patients with COPD in a clinically stable condition with forced expiratory volume in one second (FEV1) of <1 litre were studied. In each patient the following parameters were assessed: (1) dyspnoea scale rating, (2) inspiratory muscle strength by measuring minimal pleural pressure (PPLmin), and (3) tidal volume (VT), flow, pleural pressure swing (PPLSW), total lung resistance (RiL), dynamic lung elastance (ELdyn), and positive end expiratory alveolar pressure (PEEPi) during resting breathing. Results -Arterial carbon dioxide tension (Paco2) related directly to RLiPPLmin, and ELdynIPPLmin, and inversely to VT and PPLmin. There was no relationship between Paco2 and functional residual capacity (FRC), total lung capacity (TLC), or minute ventilation. PEEPi was similar in eucapnic and hypercapnic patients. Expressing Paco2 as a combined function of VT and PPLmin (stepwise multiple regression analysis) explained 71% of the variance in Paco2. Tidal volume was directly related to inspiratory time (TI), and TI was inversely related to the pressure required for breathing relative to inspiratory muscle strength (PPLSW, %PPLmin). There was an association between the severity of dyspnoea and both the increase in PPLSW (%PPLmin) and the shortening in TI. Conclusions - The results indicate that, in stable patients with COPD with severe airflow obstruction, hypercapnia is associated with shallow breathing and inspiratory muscle weakness, and rapid and shallow breathing appears to be linked to both a marked increase in the pressure required for breathing relative to inspiratory muscle strength and to the severity of the breathlessness. (Thorax 1996;51:677-683) Keywords : chronic obstructive pulmonary disease, hypercapnia, breathing pattern, respiratory muscle weakness, breathlessness.
The mechanisms which lead to chronic hypercapnia in patients with chronic obstructive pulmonary disease (COPD) are not completely understood. Although carbon dioxide retention is dependent on the severity of airways obstruction, there is considerable variability in the relationship between arterial carbon dioxide tension (Paco2) and forced expiratory volume in one second (FEVI) .' Other factors such as ventilation-perfusion mismatch,2 abnormalities in ventilatory control,34 respiratory muscle weakness,56 the pattern of breathing,6-10 and dynamic pulmonary hyperinflation" have been reported to contribute to chronic carbon dioxide retention in patients with COPD. In this connection Begin and Grassino have recently shown that, in a large group of patients with COPD with a variable degree of airflow obstruction, the probability of developing hypercapnia increases with the severity of the obstruction, obesity, and inspiratory muscle weakness.'2 In that study, however, only half of the variation in Paco2 could be explained, even when Paco2 was expressed as a function of as many as five variables including total lung resistance, dead space, body weight, dynamic lung elastance, and maximal inspiratory mouth pressure. Thus, in the accompanying editorial Rochester hypothesised that other factors must be involved in carbon dioxide retention in patients with COPD and that rapid shallow breathing is likely to be one of these. '3 Although a more rapid and shallower pattern of breathing has frequently been observed in hypercapnic than in eucapnic patients with COPD,6`10 the mechanisms responsible for this breathing strategy have not been clearly defined. Increased activation of vagal afferent nerves consequent to chronic bronchitis7-9 and chronic hypoxaemia'4 may contribute to rapid shallow breathing. More recently it has been hypothesised that rapid and shallow breathing in patients with COPD is the consequence of an excessive load imposed on the inspiratory muscles.'315 In these patients a reduction in tidal volume could allow them to reduce the pressure required for breathing relative to inspiratory muscle strength, thus minimising respiratory effort and dyspnoea, and avoiding fatigue. ' USA ) and the flow signal was integrated into the volume. The dead space of the mouthpiece and flow meter was 70 ml and the equipment resistance was 0-92 cm H20/l/s. From the spirometric results we derived breath-by-breath time and volume components of the respiratory cycle: inspiratory time (TI), expiratory time (TE), total time of the respiratory cycle (TTOT), and tidal volume (VT). The mean inspiratory flow (VT/TI), duty cycle (TI/TToT), and respiratory frequency (f) were also calculated.
Mouth pressure (PM) was measured through a side port at the mouthpiece using a differential pressure transducer (Validyne, Northridge, California, USA). Oesophageal pressure (POES)
was measured with a conventional balloon catheter system20 connected to a Validyne differential pressure transducer as previously described.21 The balloon was positioned in the mid oesophagus and contained 0-4 ml of air. Oesophageal pressure was used as an index of pleural pressure (PPL). In 15 patients gastric pressure (PGA) was simultaneously measured with a similar balloon catheter system connected to a second differential pressure transducer. This balloon was positioned in the stomach 65-70 cm from balloon tip to nares and contained 2 ml of air. Transpulmonary pressure (PL) was obtained as the difference between PM and PPL. All signals were recorded on a multichannel chart recorder.
Total lung resistance (RL) and dynamic lung elastance (ELdyn) were measured during resting breathing. Total lung resistance was obtained using the isovolume method.22 Dynamic lung elastance was determined by dividing the difference in PL between points of zero flow by VT. To evaluate end expiratory alveolar pressure we used the indirect method recently described by Haluszka and coworkers" and Dal Vecchio and colleagues23 rather than the direct method of airways occlusion. In fact, awake subjects react to airways occlusion in an unpredictable fashion so that no reliable measurement of alveolar pressure can be obtained. We thus looked for the presence of a time lag between the fall in PPL at the onset of the inspiratory effort and the onset of inspiratory airflow and measured the negative deflection in PPL that preceded the start of inspiratory flow (fig 1) . This negative deflection in PPL will be referred to here as PEEPi for consistency with previous investigations."12324
We also assessed the change in PGA resulting from the contraction of the abdominal muscles during expiration in 15 patients. In agreement with Ninane and colleagues24 the increase in PGA which occurred during the expiratory phase ofthe breathing cycle (PGAexp) was taken as a reflection of the mechanical effect of abdominal muscle contraction (fig 1) . Inspiratory muscle strength was assessed by measuring minimal (that is, greatest negative) inspiratory pleural pressure (PPLmin) at FRC during both maximal inspiratory efforts against an obstructed mouthpiece25 and during sniff manoeuvres.2 The patients were repeatedly encouraged to try as hard as possible and they had a visual feedback of generated pressure.27 Both PPLmin manoeuvres were repeated until three measurements with less than 5% variability were recorded. The highest PPLmin value obtained was used for analysis.
PROTOCOL
Treatment was withheld for 12 hours before the study and all subjects were tested in the afternoon. Before the experiments each subject was well acquainted with the laboratory and equipment. Lung function tests were performed first and then, after a 40 minute rest period, an arterial blood sample was obtained and changes in volume, flow, PM, PPL, and PGA were recorded during three periods of quiet breathing over 30 minutes. Finally, tests of respiratory muscle strength were performed in each patient. It is important to emphasise that patients had not previously been involved in respiratory experiments; furthermore, during the periods of resting breathing each subject was distracted with non-rhythmic music to avoid any acoustic feedback.
DATA ANALYSIS
Volume and time components ofthe respiratory cycle, inspiratory PPL swings (PPLSW), RL, ELdyn, PEEPi and PGAexp were averaged in each patient over 30 consecutive breaths from each run. Unless otherwise specified, data are presented as means (SE). Single and stepwise multiple regression analyses were performed to assess relationships between variables. The proportion of total variance in the dependent variable accounted for by the predictor variable(s) is reported as the square of correlation coefficient (r2), expressed as a percentage. Data comparisons were performed using the Student's unpaired t test and one-way analysis of variance (ANOVA) when appropriate. A p value of <0-05 was considered statistically significant.
Results
Anthropometric, clinical, pulmonary function data, and PPLmin of patients are shown in table ) and by inspiratory effort against an obstructed mouthpiece in 12. Body weight was significantly lower in hypercapnic than in eucapnic patients (90-1 (2-7) and 104-2 (4 6)% of ideal weight, respectively, p = 00 1), and six hypercapnic patients and one eucapnic patient had a body weight below 85% of ideal weight. The tracings of volume, flow, PPL, and PGA obtained during quiet, resting breathing in two representative subjects with hypercapnia and eucapnia are shown in fig 1. The breathing was more rapid and shallower, and PPLSW was greater in the hypercapnic patient than in the eucapnic patient. In both patients PEEPi was associated with an increase in gastric pressure during expiration indicating abdominal muscle contraction. p<0001, fig 3) .
There was a significant inverse relationship between PacO2 and VT such that Paco2 was highest in patients with the smallest VT (fig 4) . On the contrary, no significant relationship was found between PacO2 and minute ventilation. (15-1 (0 7) and 22-7 (0 9) cycles/min, respectively, p<0001), and a similar minute ventilation.
Both resistive (RL) and dynamic elastic (ELdyn) loads for the respiratory muscles were significantly greater in hypercapnic than in eucapnic patients (11 9 (0 7) versus 9 1 (0 8) cm H20/l/min, p = 0 01; and 11 7 (1I0) versus 6 7 (0 5) cm H20/1, p<0001), VT/TI being similar in the two groups (0 57 (0 03) and 0 53 (0.02) l/s, respectively).
Tidal volume was directly related to Ti (r2 = 55.3%, p<0OO0 1) fig 6. There was a significant association between dyspnoea rating and both PPLSW (%PPLmin) (p<0 001, ANOVA) and Ti (p<0 005, ANOVA), the patients with severe dyspnoea exhibiting the greatest PPLSW (%PPLmin) and the shortest Ti.
Discussion
The main findings of this study can be summarised as follows: (1) in patients with stable COPD with severe airflow obstruction there is a significant association between hypercapnia and both shallow breathing and inspiratory muscle weakness, and these variables explain more than 70% ofthe variance in Paco2; (2) VT relates well to Ti, and the latter is significantly related to PPLSW (%PPLmin), the shorter the Ti the greater the pressure required for breathing relative to inspiratory muscle strength; (3) there is a significant association between the severity of dyspnoea and both the increase in PPLSW (%PPLmin) and the shortening in Ti.
CRITIQUE OF METHODS
Before discussing these results it is pertinent to consider the limitations of the procedure used in this study. Inspiratory muscle strength was evaluated by measuring PPLmin during voluntary manoeuvres. In this condition the development of PPLmin depends not only on the strength and coordination of inspiratory muscles, but also on the motivation and cooperation of subjects. To minimise this prob- 
and all patients had a visual feedback of generated pressure as suggested by Laporta and Grassino. 27 The breathing pattern was assessed with a noseclip and mouthpiece that may increase VT and decrease respiratory frequency compared with natural breathing. 28 In particular, when the breathing pattern in patients with COPD was evaluated from body surface movements using the technique of inductive plethysmography,'029 VT was found to be somewhat lower than that observed in studies in which only a mouthpiece was used."9 In our study the simultaneous measurement ofvolume, flow and PPL was necessary to assess the relationships between Paco2, breathing pattern, and mechanical factors such as RL, ELdyn, and PEEPi during quiet breathing. To minimise the effects of the mouthpiece, however, we used a mouthpiece and flowmeter system with a small dead space; in addition, subjects were well acquainted with the laboratory and equipment before the experiments and each patient was distracted with non-rhythmic music to avoid any acoustic feedback during periods of quiet breathing. patients with COPD with a variable degree of airflow obstruction. In the present study, however, hypercapnic patients had a significantly lower body weight than eucapnic patients; furthermore, in agreement with a previous report,5 we found that body weight had a direct relationship with PPLmin (r2=28 8%, p<0005) such that underweight was associated with inspiratory muscle weakness. Differences in the selection of patients may partly explain these discrepancies. In fact, in the present study only patients with severe airflow obstruction were included, and obesity -that may be associated with carbon dioxide retention even in the absence of lung disease" -was an exclusion criterion.
It has recently been shown"2' that, in most patients with stable COPD breathing at rest, alveolar pressure at end expiration is positive. Assuming that expiration is a passive process and, as a consequence, that alveolar pressure at end expiration is the elastic recoil pressure of the respiratory system, these studies concluded that dynamic pulmonary hyperinflation is frequent in patients with stable COPD."12' Furthermore, Haluszka and colleagues have shown that, in patients with stable COPD, Paco2 was significantly related to PEEPi which suggests that dynamic pulmonary hyperinflation could play a part in chronic carbon dioxide retention. " In the present study a positive alveolar pressure at end expiration was present in all but one patient and was similar in eucapnic and hypercapnic patients. In agreement with Ninane and coworkers24 we observed that expiration was an active process in many patients, and there was a close relationship between the expiratory rise in gastric pressure and PEEPi, such that alveolar pressure at end expiration was greater as the expiratory rise in gastric pressure was larger. These data indicate that, in patients with severe COPD, positive alveolar pressure at end expiration is, to a large extent, the consequence of the transmission through the relaxed diaphragm of the rise in abdominal pressure due to abdominal muscle contraction. The present findings therefore confirm that dynamic PEEPi cannot be used to quantify the degree of dynamic pulmonary hyperinflation in many patients with severe COPD.24 BREATHING (fig 6) -that is, the threshold value associated with inspiratory muscle fatigue in normal subjects. '4 Finally, it has recently been hypothesised that, in patients with chronic hypercapnic COPD, a rapid and shallow pattern of breathing is the result of an excessive load on the inspiratory muscles in relation to their maximal strength." '5 In this condition, shortening Ti and reducing VT could be a strategy for reducing inspiratory muscle effort and distress and avoiding fatigue." In line with the concept that the perception of inspiratory effort and dyspnoea is closely linked to the pressure required for breathing relative to inspiratory muscle strength,'5 it has also been suggested" that a reduction in Ti involves an integrated response of the respiratory system to the perception of breathlessness. Our data, which show an inverse relationship between Ti and PPLSW (%PPLmin) and a significant association between the severity of dyspnoea and both the increase in PPLSW (%PPLmin) and the shortening in Ti, strongly support the above hypotheses. These findings are also consistent with previous studies which have shown that breathlessness during exercise is significantly related to the PPLSW/MIP and Ti/TToT ratios both in normal subjects and in patients with cardiorespiratory disorders.36 3' Furthermore, our data are in line with the observation that VT and respiratory timing responses to resistive loading are impaired in patients with COPD with severe inspiratory muscle weakness. '8 In conclusion, we have shown that, in patients with stable COPD and severe airflow obstruction, chronic carbon dioxide retention is primarily associated with shallow breathing and inspiratory muscle weakness. It also appears that rapid, shallow breathing is mainly linked to both an excessive increase in the pressure required for breathing relative to inspiratory muscle strength, and to the severity of breathlessness.
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